Introduction
============

New neurons are continuously added to two discrete brain regions throughout life, namely the subventricular zone of the lateral ventricles, and the subgranular zone of the hippocampal dentate gyrus (DG). Adult hippocampal neurogenesis (AHN) is involved in hippocampal-dependent learning and is crucial for several processes, such as pattern separation.^[@bib1]^

Numerous extrinsic and intrinsic stimuli are known to modulate the rate of AHN, among these inflammation is one of the most important negative regulators.^[@bib2],[@bib3]^ In fact, several proinflammatory cytokines block newborn neuron maturation and the recruitment of these cells into behaviorally relevant circuits.^[@bib4]^ However, the interaction between microglia and newborn neurons has been reported to be multifaceted, as both neuroprotective and detrimental effects have been demonstrated.^[@bib5],[@bib6]^

Brain inflammation is a hallmark of numerous psychiatric and neurodegenerative diseases, such as Alzheimer disease (AD).^[@bib7]^ In fact, brain inflammation is present both in familial and sporadic forms of AD, and it has been proposed to be one of the most important risk factors for the latter.^[@bib8]^ The involvement of microglia in AD pathogenesis has been addressed in animal models and in human patients; however, the contribution of these cells to this process remains unclear.^[@bib9]^ Data from AD animal models have revealed symptom amelioration after the administration of nonsteroidal antiinflammatory drugs (NSAIDs). These compounds have thus been proposed as potential therapeutic tools to prevent and treat AD progression. In addition, seminal clinical trials point to a reduced incidence of AD after chronic treatment with NSAIDs.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13]^ However, contradictory data impede the acceptance of these drugs as an effective and safe treatment for AD.^[@bib7]^ Here we used an AD murine model that overexpresses GSK-3β under the control of the neuronal promoter CamKII (GSK-3-OE mice).^[@bib14],\ [@bib15],\ [@bib16]^ This animal displays most of the pathological features present in the hippocampus of AD patients, including severe hippocampal apoptosis (linked to microgliosis and astrogliosis^[@bib17],[@bib18]^) and severe alterations in the maturation of newborn granule neurons.^[@bib18]^ In addition, granule neurons of GSK-3-OE mice show morphological alterations that resemble those of AD patients.^[@bib17]^ Since we have observed indirect effects derived from GSK-3β overexpression, such as a dramatic brain proinflammatory phenotype,^[@bib16]^ here we hypothesize that some of the early morphological alterations observed in the granule neurons of GSK-3-OE mice are related to the proinflammatory microenvironment, in which newborn neurons grow. Using several types of retroviruses, here we studied the impact of chronic, peripheral infusion of lipopolysaccharide (LPS) to newborn neurons of different ages on various maturational aspects, such as morphology and connectivity.

With the aim to study the potential therapeutic effects of the NSAID ibuprofen on AHN, behavioral pattern separation, and microglial activation, we also evaluated the benefits of ibuprofen treatment in mice peripherally treated with LPS and in mice overexpressing GSK-3β. Our results shed further light on microglial activation and could be relevant for the treatment of various pathologies involving brain inflammation.

Materials and methods
=====================

A detailed methodological description of the experimental design, stereotaxic surgery, killing, immunohistochemistry, volume estimation of the DG, cell counts, morphometric analysis, number and size of PSD95-GFP^+^ clusters, measurement of mossy fiber terminal area, electron microscopy, behavioral tests and human subjects are provided in [Supplementary Experimental Procedures](#sup1){ref-type="supplementary-material"}.

Animals
-------

Six-week-old female C57BL/6Jcc mice were obtained from Harlan Laboratories (Bresso, Italy). Animals were subjected to a 2-week habituation period before experiments began. They were housed in a specific pathogen-free colony facility in accordance with European Community Guidelines (directive 86/609/EEC) and handled following European and local animal care protocols. In addition, the murine model of AD conditionally overexpressing GSK-3β under the control of the neuronal CamKII promoter (GSK-3-OE mice) was generated as previously described.^[@bib16]^

Treatment with LPS from *Escherichia coli*
------------------------------------------

LPS was administered subcutaneously via Alzet osmotic pumps (Durect, Cupertino, CA, USA) following the experimental design previously described. Various pump models were used, depending on the duration of the treatment. For 2-week treatments, \#1002\# osmotic pumps were used, whereas, for 4- and 8-week treatments, the \#1004\# model was used. Pumps were filled with a solution of LPS (Sigma, from *E. coli* 055:B5, St Louis, MO, USA) diluted in 0.1 [M]{.smallcaps} phosphate-buffered saline. To obtain a continuous LPS delivery of 300 μg kg^−1^ per day, the LPS concentration was adjusted, depending on the flow specified by the manufacturer.

Ibuprofen treatments
--------------------

Ibuprofen was administered in food pellets (375 mg kg^−1^, Harlan Laboratories). On the basis of average food consumption and body weight of the mice, the dose of ibuprofen was calculated to be 37.5 mg kg^−1^ per day.

Retrovirus stock preparation
----------------------------

We used two retroviral stocks that varied in the genes encoded: CAG-GFP encoding for GFP^[@bib19]^ and PSD95-GFP for GFP fused with PSD95.^[@bib20]^ The PSD95-GFP retrovirus allowed postsynaptic cluster visualization (green channel). Moreover, anti-GFP immunohistochemistry (red channel) allowed visualization of the whole dendritic tree.^[@bib20]^ The plasmids used for the production of GFP-expressing retroviruses were a generous gift from Professor Fred H. Gage, while those used to produce the PSD95-GFP virus were kindly provided by Professor Carlos Lois. Retroviral stocks were concentrated to working titers of 1 × 10^7^--2 × 10^8^ p.f.u. ml^−1^ by ultracentrifugation.^[@bib19]^

Cytokine antibody array
-----------------------

Right hippocampi were lysed, and protein concentration was estimated using the BCA Protein Assay Kit (Pierce, Rockford, IL, USA). The mouse cytokine array (Array III; Ray Biotech, Norcross, GA, USA) consisted of 62 soluble signaling factors and cytokine antibodies spotted in duplicate onto a PVDF membrane. The membranes were blocked with 10% bovine serum albumin in phosphate-buffered saline and subsequently incubated with samples overnight at 4 °C. The membranes were washed with buffer supplied by manufacturer, exposed to 500-fold diluted biotin-conjugated anti-cytokine antibodies at room temperature for 2 h. They were then washed, incubated with a 1000-fold diluted HRP-conjugated streptavidin for 1 h, and immersed for 1 min in peroxidase substrate solution. For each spot, the net density gray level was normalized by subtracting the background gray levels from the total raw density gray levels using Chemidoc XRS system ImageQuant LAS 4000 mini (BioRad, Hercules, CA, USA) and ImageJ analysis software.

Statistical analysis
--------------------

Data were analyzed by a one-way analysis of variance test for each statistical comparison. A *post hoc* DMS test was used when more than two experimental groups were compared. For the comparison of qualitative variables, a Pearson\'s *χ*^2^ test was applied. All statistics were analyzed using the SPSS 17.0.1 software (SPSS, 1989; Apache Software Foundation, Chicago, IL, USA). In the case of retroviral experiments, all the experimental groups in which cells were of the same age were analyzed together (for each variable or zone of study) using a one-way analysis of variance, and *post hoc* comparisons were made. For the sake of clarity and brevity, individual statistical values of retroviral experiments are presented as [Supplementary Tables](#sup1){ref-type="supplementary-material"} [1--4](#sup1){ref-type="supplementary-material"}.

Results
=======

For the purpose of clarity and brevity, only F- and *P*-values for global analysis of variance comparisons are shown in the Results section. Individual *P*-values and *post hoc* comparisons are given in [Supplementary Tables T1--T4](#sup1){ref-type="supplementary-material"}.

Both LPS administration and GSK-3β overexpression produced brain inflammation
-----------------------------------------------------------------------------

We compared the brain proinflammatory phenotype produced by GSK-3β overexpression in neurons with a model of chronic inflammation based on peripheral LPS administration.

LPS-treated ([Figures 1a and b](#fig1){ref-type="fig"}) and GSK-3-OE ([Figure 1e](#fig1){ref-type="fig"}) mice showed a marked brain proinflammatory phenotype, characterized by an increased number of activated Iba1^+^ microglial cells ([Figure 1g](#fig1){ref-type="fig"}), a similar phenomenon to what has been described in the brains of AD patients^[@bib7]^ (see [Supplementary Figure S2C and D](#sup1){ref-type="supplementary-material"}). Ibuprofen treatment reduced the number of Iba1^+^ cells in all the experimental groups ([Figures 1c, d, f and g](#fig1){ref-type="fig"}).

GSK-3-OE mice have been reported to show a drastic depletion of proliferative clusters in the subgranular zone and a marked disorganization of this zone.^[@bib21]^ To analyze the ultrastructural changes in the subgranular zone produced by peripheral administration of LPS, ultrathin sections were examined under an electron microscope ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Although no change in the number of proliferative clusters was observed after LPS treatment ([Supplementary Figure S3E](#sup1){ref-type="supplementary-material"}), the number of precursor cells per cluster decreased (2 weeks: F~1,239~=5.468; *P*-value=0.02; 8 weeks: F~1,129~=4.019; *P*-value=0.047; [Supplementary Figure S3F](#sup1){ref-type="supplementary-material"}). LPS increased the presence of microglial cells within proliferative clusters ([Supplementary Figure S3G](#sup1){ref-type="supplementary-material"}; 8 weeks: F~1,123~=6.87; *P*-value=0.01) and caused a dramatic disorganization of the subgranular zone, reflected by the higher percentage of precursor cells located outside this zone ([Supplementary Figure S3H](#sup1){ref-type="supplementary-material"}; 2 weeks: F~1,237~=13.571; *P*-value\<0.001; 8 weeks: F~1,123~=7.141; *P*-value=0.009). These alterations resemble those previously described in GSK-3-OE mice.^[@bib21]^

LPS administration for 2 weeks increased the number of apoptotic Fractin^+^ cells, a phenomenon also observed in untreated GSK-3-OE mice (F~3,30~=9.88; *P*-value\<0.001; [Supplementary Figure S4I](#sup1){ref-type="supplementary-material"}). Both increases were fully counteracted by ibuprofen treatment, although this drug produced an additional decrease in the rate of apoptosis in LPS-treated mice (F~3,19~=59.82; *P*-value\<0.001). This decrease was not observed in GSK-3-OE animals. No significant changes in the total number of mature granule neurons ([Supplementary Figures S4A and G](#sup1){ref-type="supplementary-material"}) or in the DG volume ([Supplementary Figure S4H](#sup1){ref-type="supplementary-material"}) were observed after any of the treatments, although GSK-3-OE mice tended to show a decrease in the number of mature granule neurons (F~3,30~=1.635; *P*-value=0.098) and in DG volume (F~3,18~=3.009; *P*-value=0.063).

LPS altered newborn neuron morphology and maturation in a similar way to neuronal GSK-3β overexpression
-------------------------------------------------------------------------------------------------------

GFP- or PSD95:GFP-expressing retroviruses were delivered to the hippocampus, and LPS was administered following the experimental design shown in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}. To analyze newborn neuron morphology at different cell ages or after different treatments or recovery periods, mice were killed at various time points.

LPS administration at cell birth and during 2 ([Figures 2a and b](#fig2){ref-type="fig"}), 4 ([Figures 2c and d](#fig2){ref-type="fig"}) or 8 ([Figures 2g--i](#fig2){ref-type="fig"}) weeks caused a significant reduction of the total dendritic length of newborn neurons ([Figures 2a--k](#fig2){ref-type="fig"}). These alterations were not reversed 2 ([Figure 2e](#fig2){ref-type="fig"}) or 6 ([Figure 2i](#fig2){ref-type="fig"}) weeks after LPS withdrawal. In contrast, when LPS was administered 6 weeks after cell birth, no decrease in this parameter was observed. Ibuprofen reversed the dendritic atrophy produced by LPS administration ([Figures 2f and j](#fig2){ref-type="fig"}). LPS significantly and permanently reduced the length of apical primary dendrites ([Figure 2l](#fig2){ref-type="fig"}) and increased newborn neuron migration into the GL ([Supplementary Figure S5F](#sup1){ref-type="supplementary-material"}). Similar alterations have been previously described in GSK-3-OE mice.^[@bib17]^ Ibuprofen administration reversed alteration in the length of apical primary dendrites ([Figure 2l](#fig2){ref-type="fig"}). In addition, LPS increased the percentage of newborn neurons with more than one primary apical dendrite ([Figure 2m](#fig2){ref-type="fig"}). This increase was restored 2 or 6 weeks after LPS withdrawal, and was abolished by ibuprofen treatment ([Figure 2m](#fig2){ref-type="fig"}). F- and *P*-values for individual comparisons are shown in [Supplementary Table T1](#sup1){ref-type="supplementary-material"}.

Sholl\'s analysis revealed that LPS altered the dendritic tree morphology of 2-, 4- and 8-week-old neurons ([Figures 2n--p](#fig2){ref-type="fig"}). This drug increased proximal branching, whereas a mostly unbranched distal dendritic tree was detected. These alterations took place regardless of cell age and recovery period. Ibuprofen treatment prevented the appearance of this aberrant morphology in 4- and 8-week-old neurons ([Figures 2o and p](#fig2){ref-type="fig"}). Individual F- and *P*-values are shown in [Supplementary Table T2](#sup1){ref-type="supplementary-material"}.

Newborn neuron maturation was analyzed by quantifying the percentage of neurons that expressed either the mature neuron marker NeuN or the transiently expressed neuroblast marker doublecortin (DCX). Slight variations in the percentage of NeuN^+^ cells were observed only in 2- and 4-week-old neurons, thus pointing to changes in maturation dynamics without affecting the final maturation process ([Supplementary Figure S5E](#sup1){ref-type="supplementary-material"}). In addition, LPS treatment produced a transient increase in the percentage of 4-week-old neurons that were DCX^+^. This phenomenon was prevented by ibuprofen treatment ([Supplementary Figure S5A--D](#sup1){ref-type="supplementary-material"}).

LPS administration altered postsynaptic cluster density and size. This effect was not reversed by ibuprofen treatment.
----------------------------------------------------------------------------------------------------------------------

LPS slightly reduced the postsynaptic cluster density of 4- ([Figures 3a, b and g](#fig3){ref-type="fig"}) and 8- ([Figures 3c and e, i and j](#fig3){ref-type="fig"}) week-old neurons. No relevant changes in postsynaptic cluster area were detected in 4-week-old neurons ([Figure 3h](#fig3){ref-type="fig"}). However, LPS significantly and permanently decreased the distal postsynaptic cluster area of 8-week-old granule neurons ([Figure 3j](#fig3){ref-type="fig"}). Ibuprofen did not restore this reduction ([Figures 3f, h and j](#fig3){ref-type="fig"}). Individual F- and *P*-values are shown in [Supplementary Tables T3 and T4.](#sup1){ref-type="supplementary-material"}

LPS administration altered mossy fiber terminal area in the CA3 region. This effect was not reversed by ibuprofen treatment.
----------------------------------------------------------------------------------------------------------------------------

LPS administration produced changes in the MFT area of 4-week-old neurons ([Figure 3o](#fig3){ref-type="fig"}; F~5,1967~=6.15; *P*-value\<0.001). In addition, LPS significantly and permanently decreased 8-week-old neuron MFTs regardless of the cell age at which it was applied and the recovery period ([Figures 3k--m and o](#fig3){ref-type="fig"}) (F~6,2042~=126.65; *P*-value\<0.001). Ibuprofen did not counteract the aforementioned effect ([Figures 3n and o](#fig3){ref-type="fig"}).

Cellular effects of ibuprofen in a murine model overexpressing GSK-3β
---------------------------------------------------------------------

As previously demonstrated, GSK-3-OE mice displayed most of the cellular alterations observed in the granule neurons of AD patients^[@bib17]^ (see [Supplementary Figures S2A and B](#sup1){ref-type="supplementary-material"}), as well as marked brain inflammation.^[@bib16]^ To examine whether ibuprofen prevents these alterations, the morphology and connectivity of granule neurons were examined after an 8-week treatment with this drug.

In GSK-3-OE mice, ibuprofen increased total dendritic and primary apical dendrite length and reduced the percentage of cells with more than one primary apical dendrite ([Figures 4a--h](#fig4){ref-type="fig"}). These mice also showed increased cell migration into the GL, an effect that was not reversed by ibuprofen treatment ([Figure 4h](#fig4){ref-type="fig"}; individual F- and *P*-values are shown in [Supplementary Table T1](#sup1){ref-type="supplementary-material"}). The altered morphology of the granule neurons of this model was completely normalized after ibuprofen treatment, as shown in Sholl\'s analysis diagram ([Figure 4i](#fig4){ref-type="fig"}; individual F- and *P*-values are shown in [Supplementary Table T2](#sup1){ref-type="supplementary-material"}).

GSK-3-OE mice showed a reduced PSD95-GFP^+^ cluster density, as previously demonstrated.^[@bib17]^ Surprisingly, ibuprofen led to an enormous additional reduction of this parameter in these animals, whereas it produced no change in WT mice ([Figures 4j--n](#fig4){ref-type="fig"}). These observations thus support the predominant role that GSK-3β had at the synapse.^[@bib17]^ In addition, ibuprofen drastically increased the PSD95-GFP^+^ cluster area ([Figures 4l, m and o](#fig4){ref-type="fig"}) in GSK-3-OE mice. Individual F- and *P*-values are shown in [Supplementary Tables T3 and T4](#sup1){ref-type="supplementary-material"}. Regarding MFTs, GSK-3-OE mice showed a decreased terminal button area ([Figures 4p, q and t](#fig4){ref-type="fig"}), which was further reduced after ibuprofen treatment ([Figures 3s and t](#fig3){ref-type="fig"}; F~3,692~=16.34; *P*-value\<0.001).

LPS- and GSK-3β-driven inflammation produced different brain cytokine expression and distinct microglial activation phenotype in response to ibuprofen treatment.
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

A brain expression array of 62 cytokines confirmed that peripheral LPS administration and GSK-3 overexpression produced different microglial activation phenotypes ([Supplementary Figures S6 and S7](#sup1){ref-type="supplementary-material"}). The increased expression of IL-12 and IL-10 serve as a first indicator for M1 vs M2 phenotypes respectively,^[@bib22]^ thus suggesting the existence of a M1 microglial phenotype in the case of LPS treatment and an alternative M2 microglial phenotype in the case of neuronal GSK-3β overexpression. In addition, LPS treatment increased proinflammatory cytokine levels (IL-1, TNF, IFN, among others), while GSK-3 overexpression increased the levels not only of these cytokines but also of pro-proliferative factors (IL-10, BCL-2, among others). Ibuprofen produced a rapid shift to a neuroprotective phenotype of cytokine secretion in LPS-treated mice; however, this change did not occur in GSK-3-OE mice. This observation suggests a reduced plasticity of the microglial/endothelial/vascular system in these mice. A schematic model is shown in [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}.

Both LPS administration and GSK-3β overexpression impaired pattern separation and increased anxiety-like behavior. Differential responses to ibuprofen treatment.
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

Anxiety-like behavior was evaluated using the elevated plus maze paradigm. LPS-treated animals spent less time in open arms, thus indicating increased anxiety-like behavior, which was still observable 2 weeks after withdrawal of the treatment (F~5,41~=11.12; *P*-value\<0.001; [Figure 5a](#fig5){ref-type="fig"}). GSK-3-OE mice spent less time in open arms than WT mice, but these differences were abolished after doxycycline treatment (which switched off transgene expression). Surprisingly, although ibuprofen reversed the alterations produced by LPS treatment, it did not lead to any change in GSK-3-OE mice, thereby suggesting that GSK-3β has a prominent role in anxiety-like behavior (F~5,34~=15.38; *P*-value\<0.001).

To address behavioral pattern separation capacity, animals were evaluated by means of the novel location preference test ([Figure 5b](#fig5){ref-type="fig"}). The LPS dose administered did not significantly alter exploratory behavior ([Figure 5c](#fig5){ref-type="fig"}). However, this drug caused a drastic and long-lasting impairment of pattern separation ([Figure 5b](#fig5){ref-type="fig"}), as the time exploring the newly located object decreased as compared with phosphate-buffered saline-treated mice (F~5,42~=10.28; *P*-value\<0.001). Interestingly, GSK-3-OE mice also showed impaired behavioral pattern separation; however, this capacity was fully restored after doxycycline treatment. Although ibuprofen reversed the alterations produced by LPS treatment, it did not have any effect on GSK-3-OE mice, thus supporting the prominent contribution of this kinase to hippocampal-dependent learning (F~5,38~=14.205; *P*-value\<0.001).

Discussion
==========

Newborn neurons are continuously added to the hippocampal DG throughout life. Progenitor cells divide and give rise to transient amplifying precursors, which actively proliferate and differentiate into mature granule neurons, advancing through various stages of maturation. During differentiation, newborn neurons show a progressively increased dendritic tree complexity and project their axons towards the CA3 region.^[@bib19]^ Growing evidence suggests that newborn neurons are crucial for hippocampal functioning, not only when mature but also during the transient period in which they are young and excitable.^[@bib23]^

Numerous neurodegenerative diseases, such as AD, characterized by cognitive impairments, are also accompanied by alterations in AHN.^[@bib24]^ The AD murine model overexpressing GSK-3β under the control of the neuronal promoter CamKII (GSK-3-OE mice) displays alterations in granule neuron morphology reminiscent of the same cells in AD patients^[@bib17]^ (more than one apical primary dendrite and unbranched distal dendrites), increased apoptosis and a marked brain proinflammatory phenotype.^[@bib18]^ In that study, we observed two types of effects (direct and indirect) derived from GSK-3β overexpression in these mice. Since the expression of CamKII promoter is known to begin around the fourth week after cell birth,^[@bib25]^ and morphological alterations were observed much earlier, we proposed that the indirect effects derived from GSK-3β overexpression were mediated by the local proinflammatory environment.^[@bib17]^

It has been extensively demonstrated that the inflammatory microenvironment associated with microglial activation strongly influences newborn neuron survival, maturation and recruitment into behaviorally relevant circuits.^[@bib4]^ To test the extent to which a low-grade, chronic, proinflammatory environment, similar to that described in the AD patient brain, affects newborn neuron maturation, we peripherally administered LPS from *E. coli* endotoxin for different lengths of time to C57BL/6 mice, and then examined the morphology and connectivity of retrovirus-labeled newborn neurons. Chronic peripheral LPS treatment produced morphological abnormalities in granule neurons that were similar to those described in GSK-3-OE mice and, more relevantly, to those found in AD patients. Unexpectedly, most of these morphological alterations were irreversible (such as primary dendrite shortening and distal dendrite atrophy). Interestingly, distal dendrite atrophy appeared to be a common feature produced by inflammatory processes of diverse origin^[@bib26]^ and occurred regardless of the cell age at which LPS was administered. To the best of our knowledge, this is the first evidence that peripherally triggered brain inflammation during adulthood produces such long-lasting effects on newborn neuron morphology. Jurgens *et al.*^[@bib26]^ demonstrated that influenza infection leads to morphological alterations in granule neurons. Although neuron age was not taken into account in that study, Sholl\'s analysis of Golgi-stained neurons revealed a marked distal dendrite retraction. Another common feature systematically reported in several animal models of brain inflammation is the aberrant migration of newborn neurons.^[@bib3],[@bib4],[@bib27]^ Here we have demonstrated the irreversibility of this process (at least after 6 weeks) and the independence of the cell age at which the proinflammatory stimulus was applied. In addition, ibuprofen treatment did not reverse the aberrant migration of newborn granule neurons, which has been proposed to be neuroprotective under certain neurodegenerative conditions.^[@bib3]^

Brain inflammation, a hallmark of the AD brain and present in both familial and sporadic forms of the disease, is considered to be one of the most important risk factors for sporadic AD development.^[@bib8]^ In this regard, NSAIDs have attracted considerable interest during recent decades, since it has been demonstrated that rheumatoid arthritis patients on long-term NSAID treatment show a decreased incidence of AD.^[@bib7]^ This observation is supported by other retrospective analyses.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13]^ Numerous data obtained from AD animal models indicate that NSAIDs could be used to treat and prevent AD;^[@bib7],[@bib28]^ however, prospective clinical trials have failed to demonstrate such beneficial effects in humans.^[@bib29]^ As contradictory data regarding Tau- and amyloid-β-related pathology have also been provided using various animal models,^[@bib9],[@bib30],[@bib31]^ here we aimed to study the effects of the nonselective COX-1/COX-2 inhibitor ibuprofen on GSK-3-OE mice. Ibuprofen treatment completely reversed the aberrant granule neuron morphology described in these mice.^[@bib17]^ This finding thus supports the notion that morphological alterations are an indirect consequence of GSK-3β overexpression and are mediated by a local proinflammatory microenvironment. Although no negative effects on basal transmission have been reported after ibuprofen treatment, the presence of neuronal COX-2 at the synapse^[@bib32]^ points to the active role of this molecule in synaptic transmission and may account for the deleterious effect of its inhibition on the proper functioning of postsynaptic densities (PSDs).^[@bib28]^

Regarding connectivity alterations, here we addressed both PSDs and MFTs. LPS treatment produced slight variations in the number of PSDs located in the central domain of the dendritic tree, consistent with the proximal alterations described in Influenza infection.^[@bib26]^ However, LPS treatment caused a drastic reduction of PSD area in the distal portions of the dendritic tree, which presumably receive the main afferent connections of these cells (perforant pathway from entorhinal cortex). Although ibuprofen partly rescued the alterations in PSD number, it was unable to normalize the PSD area. This observation thus supports the essential role of microglia in spine pruning and synaptic maturation,^[@bib33],[@bib34]^ as the observed reduction of PSD area might reveal a decrease in the average PSD size or, alternatively, an increased elimination of small synaptic contacts, which are most often engulfed by microglial cells.^[@bib33]^

Interestingly, there was no previous evidence of alterations of newborn neuron MFT areas after LPS treatment. Taken together, the reduction in MFT area produced by LPS and GSK-3β overexpression, as well as the additional decrease after ibuprofen treatment in both cases, supports the general idea that inflammation directly affects the maturation of newborn neurons and the functional integration of these cells into hippocampal circuits.^[@bib3],[@bib4]^

One of the most novel and striking results of this work is the dramatic reduction in the PSD number of GSK-3-OE mice treated with ibuprofen. In contrast, this drug led to a marked increase in PSD area (in contrast to the lack of effect observed in LPS-treated mice), which can be interpreted as a compensatory mechanism to synaptic loss. Alternatively, it can be hypothesized that a different type of microglial activation takes place as a result of ibuprofen treatment in these mice, resulting in an increase in the engulfment and elimination of small, more labile^[@bib33]^ PSDs. This observation supports the multifaceted interaction between microglia and newborn neuron maturation.^[@bib35]^ Interestingly, GSK-3β triggers synapse elimination.^[@bib36],[@bib37]^ Under such adverse conditions, it is therefore reasonable that COX-1 or COX-2 inactivation may have additional deleterious effects on synapse number.^[@bib28]^

The differences found between LPS-stimulated and GSK-3-OE mice treated with ibuprofen points to the presence of distinct microglial activation phenotypes in these two scenarios. Under physiological conditions, microglia show a resting phenotype (ramified morphology with many fine processes and small cell body^[@bib38]^). In response to proinflammatory stimuli, microglial cells alternate between two types of activation phenotypes, named M1 and M2. The former, also known as 'classical\' microglial activation, involves the secretion of proinflammatory mediators such as IL-1α/β, TNF-α, IFN-γ, MCP-1, IL-12 and IL-6.^[@bib39],\ [@bib40],\ [@bib41]^ Aging,^[@bib42],[@bib43]^ infection,^[@bib3],[@bib9]^ chronic neurodegeneration^[@bib44]^ and ischemia^[@bib39]^ promote the M1 phenotype. In contrast, M2 or 'alternative\' microglial activation, is characterized by the expression of antiinflammatory cytokines such as IL-4, IL-10 or IL-13. M2 is considered to be neuroprotective,^[@bib3]^ and a dynamic shift to this phenotype has been observed after proinflammatory stimulus cessation,^[@bib39]^ NSAID treatment^[@bib44]^ and during low-grade chronic inflammation, as occuring in the early stages of AD.^[@bib45]^ Consistent with the abundant literature, after LPS treatment we found a clear M1 phenotype, which was abolished (and substituted by a M2 phenotype) by ibuprofen treatment. However, one of the most novel and striking findings of this study is that GSK-3β overexpression-driven brain inflammation generated a completely different pattern of cytokine expression. In this regard, not only proinflammatory (IL-1, TNF-α, KC, IFN-γ, among others) but also antiinflammatory and pro-survival (IL-10, BCL-2) factor levels were increased in the GSK-3-OE mouse brain. A similar hybrid phenotype has been described in other AD animal models.^[@bib39],[@bib46]^ Despite the hybrid phenotype of microglia in GSK-3-OE animals, the effect of ibuprofen was attenuated compared with its effect on LPS-treated mice. Proinflammatory cytokine levels did not differ significantly between ibuprofen-treated and nontreated GSK-3-OE mice. This is a relevant observation, and it suggests that the dysregulation of GSK-3β activity induces the presence of a less sensitive microglial/vascular/endothelial system that is not prone to shift to a pure neuroprotective phenotype, as GSK-3β per se is a strong proinflammatory stimulus.^[@bib47]^ In this regard, it has been proposed that both physiological aging and AD make microglia less responsive and senescent,^[@bib42]^ possibly because of continuous microglial priming.

It is expected that the putative benefits exerted by ibuprofen treatment derive in cognitive improvement. As previously demonstrated, brain inflammation dramatically impairs hippocampal-dependent learning,^[@bib48]^ specifically behavioral pattern separation.^[@bib4],[@bib27],[@bib49]^ In addition, human studies^[@bib50]^ and animal models of AD^[@bib7],[@bib31]^ also demonstrate a clear negative relationship between inflammation and cognitive skills. Here we have shown that chronic low doses of peripherally administered LPS impair behavioral pattern separation and increase anxiety-like behavior, without markedly affecting general exploratory behavior. These impairments were still observable 2 weeks after LPS withdrawal, in line with findings by Ormenod *et al.*,^[@bib49]^ who demonstrated long-lasting spatial memory disruption 5--6 weeks after acute LPS administration. In our study, ibuprofen treatment did not have any effect on the behavior of phosphate-buffered saline-treated mice, but completely reversed anxiety-like behavior and restored behavioral pattern separation in LPS-treated animals. In this regard, microglial COX-1 inhibition is sufficient to rescue LPS-triggered acute cognitive impairments.^[@bib51]^ This observation suggests that the effects of ibuprofen on hippocampal-dependent learning are related to its capacity to inhibit COX-1 activity. GSK-3-OE mice show impaired hippocampal-dependent learning.^[@bib16],[@bib17]^ However, our study provides the first evidence of increased anxiety-like behavior and impaired hippocampal-dependent behavioral pattern separation, both highly dependent on AHN.^[@bib52]^ These two behaviors were completely normalized by doxycycline treatment (which switched off GSK-3β overexpression); however, neither was reversed by ibuprofen treatment. Although a causal relationship cannot be assured, we propose that the absence of positive effects exerted by ibuprofen on newborn neuron connectivity could account for the lack of behavioral improvement, as AD is thought to be primarily a synaptopathy, in which cognitive impairments are intimately linked to synaptic loss.^[@bib53]^ We consider that these data may be of great clinical relevance and that they should be taken into account for designing efficient strategies to palliate the progression of this disease. Doxycycline switches off GSK-3β overexpression and has been demonstrated to be effective in restoring the morphology and connectivity of granule neurons, and normalizing diverse behaviors.^[@bib17]^ Thus an integrative strategy including both antiinflammatory and GSK-3-β inhibitors may provide a novel approach to pharmacological interventions for AD.
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![Both peripheral LPS administration and neuronal GSK-3β overexpression produced brain inflammation. (**a**--**f**) Representative images of microglial Iba1^+^ cells in different experimental conditions and their respective high magnification images. (**g**) Number of Iba1^+^ cells in the dentate gyrus. Both LPS-treated (**a**--**b**) and GSK-3-OE (**e**) mice showed a marked brain proinflammatory phenotype and an increased number of activated Iba1^+^ microglial cells. Ibuprofen treatment reduced the number of Iba1^+^ cells in all the experimental groups (**c**, **d**, **f**, **g**). (\*\*, 0.001\<*P*\<0.01) (^!^, 0.05\<*P*\<0.1). White asterisks indicate microglial cells showing a resting morphological phenotype. Red asterisks indicate microglial cells showing an activated morphological phenotype. DG, dentate gyrus; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; WT, wild type.](tp201492f1){#fig1}

![LPS produced morphological alterations in newborn granule neurons. GFP- or PSD95:GFP-expressing retroviruses were delivered into the hippocampus, and LPS was administered during different periods, following the experimental design shown in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}. Mice were killed at a range of time points to analyze the morphology of 2-, 4- and 8-week-old newborn neurons. (**a**--**j**) Representative pictures showing retrovirus-labeled neurons of different ages belonging to the diverse experimental groups. (**k**) Quantification of total dendritic length. LPS administration at cell birth caused a significant reduction in total dendritic length. These alterations were not reversed (**e**) 2 or (**i**) 6 weeks after LPS withdrawal. In contrast, when LPS was administered 6 weeks after cell birth, no decrease in total dendritic length occurred. Ibuprofen reversed the dendritic atrophy produced by LPS administration. (**l**) Quantification of primary apical dendrite length. LPS significantly and permanently reduced the length of apical primary dendrites. Ibuprofen prevented the appearance of these alterations. (**m**) Percentage of newborn granule neurons with more than one primary apical dendrite. LPS significantly increased this percentage. The increase was restored 2 or 6 weeks after LPS withdrawal, and abolished by ibuprofen treatment. (**n**--**p**) Sholl\'s analysis of (**n**) 2-, (**o**) 4- and (**p**) 8-week-old newborn neurons. Sholl\'s analysis revealed that LPS altered dendritic tree morphology and branching, significantly increasing proximal branching, while a mostly unbranched distal dendritic tree was observed. These alterations were detected regardless of cell age, and also 2 and 6 weeks after LPS withdrawal. Ibuprofen treatment increased distal branching in 4- and 8-week-old neurons. Yellow scale bar, 50 μm. Green triangles, primary apical dendrite. (\*, 0.01\<*P*\<0.05) (\*\*, 0.001\<*P*\<0.01) (\*\*\**P*\<0.001) (^**!**^, 0.05\<*P*\<0.1). GL, granule layer; H, hilus; LPS, lipopolysaccharide; ML, molecular layer; PBS, phosphate-buffered saline.](tp201492f2){#fig2}

![LPS altered postsynaptic cluster density and area, and mossy fiber terminal area in the CA3 region. PSD95:GFP-expressing retroviruses were delivered into the hippocampus, and LPS was administered during different periods, following the experimental design shown in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}. Mice were killed 4 and 8 weeks after retroviral injections to analyze newborn neuron connectivity. (**a**--**f**) Representative pictures showing retrovirus-labeled neurons of different ages belonging to the diverse experimental conditions. (**g**, **i**) Quantification of the postsynaptic cluster density of (**g**) 4- and (**i**) 8-week-old neurons. LPS slightly reduced the postsynaptic cluster density of 4- and 8-week-old neurons. (**h**, **j**) Quantification of the postsynaptic cluster area of (**h**) 4- and (**j**) 8-week-old neurons. No relevant changes in postsynaptic cluster area were observed in 4-week-old neurons (**h**); however, a significant and permanent decrease of distal postsynaptic cluster area was observed in 8-week-old neurons (**j**). This effect was not reversed by ibuprofen treatment. (**k**--**n**) Representative images showing mossy fiber terminals (MFTs) of retrovirus-labeled neurons of different ages belonging to the diverse experimental groups. (**o**) Quantification of mossy fiber terminal area in the CA3 region. LPS administration produced only minor changes in the mossy fiber terminal area of 4-week-old neurons but significantly and permanently decreased the presynaptic terminal area in 8-week-old ones, regardless of the cell age at which it was applied and the recovery period. ibuprofen did not counteract the aforementioned effect. Yellow scale bar, 50 μm. Blue scale bar, 10 μm. Yellow triangles, mossy fiber terminal. (\*, 0.01\<*P*\<0.05) (\*\*, 0.001\<*P*\<0.01) (\*\*\**P*\<0.001) (^**!**^, 0.05\<*P*\<0.1). GL, granule layer; h, hilus; LPS, lipopolysaccharide; ML, molecular layer; PBS, phosphate-buffered saline.](tp201492f3){#fig3}

![Cellular effects exerted by ibuprofen in a murine model of Alzheimer disease (AD) overexpressing GSK-3β. To study whether ibuprofen treatment reverses the cellular alterations shown by this murine model of AD, the morphology and connectivity of retrovirus-labeled granule neurons were examined after an 8-week treatment. (**a**--**d**) Representative images showing retrovirus-labeled neurons of different ages belonging to the distinct experimental groups and genotypes. (**e**) Quantification of primary apical dendrite length. (**f**) Quantification of total dendritic length. (**g**) Percentage of newborn neurons with more than one primary apical dendrite. Ibuprofen significantly increased total dendritic (**f**) and primary apical dendrite length (**e**) and reduced the percentage of cells with more than one primary apical dendrite (**g**) in GSK-3β-overexpressing (GSK-3-OE) mice. (**h**) Cell migration into the granule cell layer. GSK-3-OE mice also showed increased cell migration into this layer. This effect was not reversed after ibuprofen treatment. (**i**) Sholl\'s analysis. The altered morphology observed in the granule neurons of GSK-3-OE mice^[@bib17]^ was completely normalized after ibuprofen treatment. (**j**--**m**) Representative images showing retrovirus-labeled neurons belonging to the different genotypes and treatments. (**n**) Quantification of postsynaptic cluster density. GSK-3-OE mice showed a reduced number of PSD95-GFP^+^ clusters, as previously described.^[@bib17]^ Ibuprofen produced an enormous reduction of PSD95-GFP^+^ clusters in these mice, whereas it produced no change in WT counterparts. (**o**) Quantification of postsynaptic cluster area. Ibuprofen drastically increased the PSD95-GFP^+^ cluster area in GSK-3-OE mice. (**p**--**s**) Representative images showing mossy fiber terminals of retrovirus-labeled neurons belonging to the different genotypes and treatments. (**t**) Quantification of the mossy fiber terminal area in the CA3 region. GSK-3-OE mice showed a reduced terminal button area, which was further depleted after ibuprofen treatment. MFT, mossy fiber terminal; WT, wild type.](tp201492f4){#fig4}

![Anxiety-like behavior and behavioral pattern separation impairment produced by LPS treatment and GSK-3β overexpression. (**a**) Anxiety-like behavior was evaluated in the elevated plus maze paradigm. Animals were subjected to a 5-min single trial. Data are presented as the total time spent standing or walking on the open arms. LPS significantly reduced the time the animals spent on open arms, thus indicating increased anxiety-like behavior, which was still observable 2 weeks after LPS withdrawal. GSK-3-OE mice also spent less time on open arms than WT mice. These differences were abolished by doxycycline treatment (which switched off the transgene expression). Although ibuprofen completely reversed the alterations produced by LPS treatment, it did not cause any change in GSK-3-OE mice. This observation points to a prominent role for GSK-3β in anxiety-like behavior. (**b**--**c**) To evaluate their behavioral pattern separation capacity, animals were tested in the novel location preference test. The trial was performed on three consecutive days. Each day animals were subjected to a single 10-min trial (see schematic diagram). The first day, they were placed inside the arena and were allowed to explore it for habituation. During the second day (sample phase), two identical objects were placed symmetrically in the central part of the arena. On the third day (test phase), one of the objects (novel located object) was moved to a peripheral position, whereas the other one remained unaltered. Index memory (time exploring novel located object/time exploring novel+unaltered object) is shown in the graphs. In addition, the total number of explorations is indicated. The LPS dose administered did not significantly alter the general exploratory behavior (**c**). However, it produced a drastic and permanent reduction of memory index (**b**). GSK-3-OE mice also showed a reduced memory index, which was fully restored after Doxycycline treatment. Although ibuprofen completely reversed the alterations produced by LPS treatment, it did not cause any change in GSK-3-OE mice. This finding supports the previously demonstrated prominent role of GSK-3β in hippocampal-dependent learning. (\*, 0.01\<*P*\<0.05) (\*\*, 0.001\<*P*\<0.01) (\*\*\**P*\<0.001). LPS, lipopolysaccharide; PBS, phosphate-buffered saline; WT, wild type.](tp201492f5){#fig5}
